The cisco Coregonus artedi was one of the most important native prey fishes in Lake Michigan and in the other four Laurentian Great Lakes. Most of the cisco spawning in Lake Michigan was believed to have occurred in Green Bay. The cisco population in Lake Michigan collapsed during the 1950s, and the collapse was attributed in part to habitat degradation within Green Bay. Winter water quality surveys of lower Green Bay during the 1950s and 1960s indicated that the bottom dissolved oxygen (DO) concentration was less than 2 mg/L throughout much of the lower bay, and most cisco eggs would not successfully hatch at such low DO concentrations. To determine present-day spawning habitat suitability in lower Green Bay, we compared cisco egg survival in lower Green Bay with survival at a reference site (St. Marys River, Michigan-Ontario) during 2009. We also conducted winter water quality surveys in lower Green Bay and the St. Marys River during 2009 and 2010. Cisco egg survival in lower Green Bay averaged 65.3%, which was remarkably similar to and not significantly different from the mean at the St. Marys River site (64.0%). Moreover, the lowest bottom DO concentrations recorded during the winter surveys were 11.2 mg/L in lower Green Bay and 12.7 mg/L in the St. Marys River. These relatively high DO concentrations would not be expected to have any negative effect on cisco egg survival. We conclude that winter water quality conditions in lower Green Bay were suitable for successful hatching of cisco eggs and that water quality during the egg incubation period did not represent an impediment to cisco rehabilitation in Lake Michigan. Our approach to determining spawning habitat suitability for coregonids would be applicable to other aquatic systems.
MADENJIAN ET AL.
The cisco Coregonus artedi was once one of the most important native prey fishes in the food webs of all five Laurentian Great Lakes (Dryer et al. 1965; E. H. Brown et al. 1999 ; R. W. . As abundant offshore planktivores, ciscoes played a key role in transforming biological production from the large offshore pelagic zone into the fish biomass needed to support predator fishes (E. H. ). In addition, cisco populations in the Laurentian Great Lakes supported valuable commercial fisheries (R. W. .
Cisco populations in all five Laurentian Great Lakes collapsed between 1920 and 1970 (Berst and Spangler 1973; Christie 1973; Hartman 1973; Lawrie and Rahrer 1973; Wells and McLain 1973) . These collapses have been attributed to a number of factors, including overfishing, environmental degradation, and adverse effects of nonnative alewives Alosa pseudoharengus and rainbow smelt Osmerus mordax. The cisco population in Lake Superior recovered during the 1980s, but lakewide recovery of cisco populations has not been attained in the other four lakes (Madenjian et al. 2002; Bronte et al. 2003; Mills et al. 2003; Dobiesz et al. 2005) . Commercial harvest data for Lakes Michigan and Huron suggest that ciscoes heavily rely on just a few key spawning areas within a lake to sustain the lake's population. For example, during 1920 For example, during -1960 of the commercial cisco harvest in Lake Michigan was from Green Bay and 65% of the commercial cisco harvest in Lake Huron was from Saginaw Bay (Baldwin et al. 2006) . Madenjian et al. (2008) proposed that the cisco collapses in Lakes Michigan, Huron, Erie, and Ontario were primarily due to environmental degradation of key spawning areas in conjunction with overfishing. Destruction of key spawning habitat preceded the collapse of cisco populations in Lakes Michigan, Huron, and Erie by 10-15 years. Dissolved oxygen (DO) concentrations below 1 mg/L were observed in lower Green Bay under the ice on the lake bottom in 1938, and the problem worsened by 1955 (Epstein et al. 1974) . Further, burrowing mayflies Hexagenia spp. were extirpated from Green Bay during the 1950s, presumably due to low DO concentrations. Ciscoes typically spawn in November, and their eggs incubate under the ice and then hatch in early spring (Cucin and Faber 1985) . Dissolved oxygen concentrations of 1 mg/L could result in greater than 90% cisco egg mortality (Brooke and Colby 1980) . Although DO concentrations under the ice in inner Saginaw Bay have apparently not been measured, the bay received high biochemical oxygen demand loadings during 1930 -1970 (Freedman 1974 . Extirpation of burrowing mayflies from Saginaw Bay during the 1950s has been attributed to low DO concentrations (Freedman 1974) . The collapses of the cisco fisheries in Lake Michigan by 1960 and in Lake Huron by 1956 were probably linked to low DO concentrations under the ice (in lower Green Bay and inner Saginaw Bay, respectively) during the 1940s and 1950s. Because cisco longevity exceeds 20 years (Schreiner and Schram 2001) , these cisco collapses appeared to be synchronized with the destruction of spawning habitat 10-15 years earlier. In contrast, large-scale destruction of habitat apparently did not occur in the key spawning areas of Lake Superior-namely Black Bay, Thunder Bay, and the Apostle Islands (Bronte et al. 2003) .
Environmental degradation of key spawning areas could still represent a serious impediment to lakewide recovery of cisco populations in Lakes Michigan, Huron, Erie, and Ontario. Although phosphorus, sediment, and biochemical oxygen demand loadings to lower Green Bay from the Fox River decreased from the 1950s to 1990, deliveries of these materials from the Fox River to lower Green Bay still occur at a relatively high rate in comparison with rates from other Lake Michigan tributaries (Epstein et al. 1974; Robertson 1997) . Even though early signs of a burrowing mayfly recovery in the lower Fox River have been detected, the burrowing mayfly population in lower Green Bay has yet to recover (Cochran 1992; Cochran and Kinziger 1997; Edsall et al. 2005 ; J. Kennedy, Green Bay Metropolitan Sewerage District, Green Bay, Wisconsin, personal communication). Moreover, the burrowing mayfly population in inner Saginaw Bay has not yet recovered (Edsall et al. 2005 ; T. Nalepa, National Oceanic and Atmospheric Administration, Great Lakes Environmental Research Laboratory, Ann Arbor, Michigan, personal communication). Areas of Lake Ontario that are believed to be key cisco spawning areas, including Hamilton Harbour and Irondequoit Bay, remain highly degraded (Fitzsimons and O'Gorman 2006) .
Rehabilitation of cisco populations in Lakes Michigan, Huron, Erie, and Ontario is a highly desirable goal of fishery managers (Stockwell et al. 2009; Zimmerman and Krueger 2009) . Recovery of the cisco population could facilitate the rehabilitation of lake trout Salvelinus namaycush, the top native coldwater predator in these four lakes (Fitzsimons and O'Gorman 2006) . In addition, increasing the proportion of ciscoes in the planktivore community could better stabilize the food webs in these lakes.
The overall goal of our study was to determine whether the present-day spawning habitat quality in lower Green Bay is adequate for successful incubation of cisco eggs. To accomplish this goal, we treated the St. Marys River (Michigan-Ontario) as our reference area and lower Green Bay as our target area. During the past 40 years, ciscoes have remained relatively abundant in the St. Marys River, which connects Lakes Superior and Huron (Savino et al. 1994; Fielder 1998) . In contrast, ciscoes have been nearly absent from lower Green Bay during the past 40 years (Madenjian et al. 2002) . Our specific objectives were to (1) determine whether cisco egg survival varied significantly between the St. Marys River and lower Green Bay; and (2) determine, via winter water quality surveys, whether DO concentrations in the two areas were sufficiently high to allow for high cisco egg survival.
METHODS
Study sites.-Our reference site was located near the western shore of Sugar Island in the St. Marys River (Figure 1) . Bottom depth at the reference site was 5.1 m. Our target area was lower Downloaded by [Noaa Glerl Library] (Manny et al. 1989 ) on 15 and 21 January 2009 for subsequent placement into the St. Marys River and lower Green Bay, respectively. The egg incubation site in the St. Marys River was chosen to be in close proximity to the original area of capture for the adult broodstock. We placed one fertilized cisco egg into each well (diameter = 1 cm) of the 50-well incubators, and we covered each incubator with 500-µm-mesh Nitex screening to prevent egg predation. Eggs were also held at the Wolf Lake State Fish Hatchery to determine egg survival under laboratory conditions. Incubators were transported from the hatchery to the study sites in coolers filled with ice water (water temperature was kept below 3
• C).
On 16 January 2009, three replicate incubation chambers were deployed at the St. Marys River site. On 21 January 2009, fertilized cisco eggs were loaded into incubators and transported to lower Green Bay; the incubation chambers were then deployed at the six sites (3 replicates/site) over the next two days (22-23 January 2009). At each site, three replicate incubation chambers were attached (∼30 cm apart) along a chain linked to an anchor. A hole was drilled through the ice, and the set of incubators, chain, anchor, and a marker buoy were guided through the hole and lowered to the bottom. The position of each of the seven incubator sites was marked with a Global Positioning System unit. After ice-out, the egg incubators were retrieved by scuba divers at the St. Marys River site on 23 April 2009 and at the lower Green Bay sites on 28-29 April 2009. Egg survival was recorded on the same day as retrieval from the water. Egg survival was defined as the percentage of the 50 incubator wells that contained live eggs, live larvae, or dead larvae. Egg survival under the controlled temperature (3.3
• C) and flow conditions at the Wolf Lake State Fish Hatchery was measured by MDNR personnel.
To determine the approximate hatch date, we aged a subset of the cisco larvae recovered from the incubators in lower Green Bay by using the technique described by Oyadomari and Auer (2007) . Otoliths were removed from the larvae, and daily rings on the otoliths were counted. Total length of each larva was also measured.
Winter water quality surveys. Between 25 and 40 different sites in the lower bay were sampled during each survey. To sample a variety of bottom depths, we selected sites in a zigzag pattern along the western and eastern sides of the lower bay (Figure 1 ). At each site, a hole was drilled through the ice and a YSI Model 6600 sonde (YSI, Inc., Yellow Springs, Ohio) was then slowly lowered by rope to the bottom, pausing for at least 10 s at 1-m depth intervals, and was kept at bottom for at least 30 s before being retrieved. The sonde was programmed to record DO concentration (mg/L), water temperature (
• C), specific conductivity (µS/cm), pH, and water depth (m) every 4 s. A Global Positioning System unit was used to mark the location of each sampling site. Due to a data recording problem with the sonde on 14 and 15 March 2009, water quality data from that particular survey were available only for the eastern side and two sites on the western side of lower Green Bay. In addition to the aforementioned survey work, we used the YSI Model 6600 sonde to measure water quality conditions at each of the six egg incubation sites in lower Green Bay on 22 and 23 January 2009 (i.e., the dates of incubator deployment). We also sampled the same six incubation sites during each of the winter water quality surveys in lower Green Bay.
Winter (Figure 1 ). The sampling procedure used at the St. Marys River site was similar to that used in lower Green Bay. In 2009, a Hydrolab Quanta Monitoring System (Hydrolab Corporation, Austin, Texas) was used to measure DO concentration, water temperature, specific conductivity, pH, and water depth. In 2010, a YSI Model 85 meter was used to measure DO concentration and water temperature (
• C). In both years, the measuring instrument was slowly lowered, pausing for at least 10 s at depth and for at least 30 s on the bottom, and values were recorded from just below the ice to the bottom at 1-m depth intervals. In addition to the above-mentioned survey work, we also measured water quality conditions in the St. Marys River at the egg incubation site on the incubator deployment date (16 January 2009).
Data analyses.-To determine whether cisco egg survival differed significantly among the seven sites, we performed a one-way analysis of variance (ANOVA) with egg survival as the dependent variable and site as the main effect. There were three replicate estimates of egg survival for each site. Thus, our ANOVA design was balanced. After performing the ANOVA, we used Dunnett's multiple comparison procedure (Miller 1981) to compare the mean egg survival at each of the six Green Bay sites with mean egg survival at the St. Marys River site. The one-way ANOVA was also followed by a contrast (Neter and Wasserman 1974) ; to perform this contrast, egg survival was averaged across all six sites in lower Green Bay to compute a grand mean, which was then compared with the mean egg survival for the St. Marys River site. The least detectable true change for the contrast was calculated to assess the power of the contrast in detecting a significant difference in mean egg survival between lower Green Bay and the St. Marys River (Sokal and Rohlf 1969; Jude et al. 1975) . The significance level α was set at 0.05 for all statistical tests.
The bottom DO concentrations and the corresponding latitude-longitude coordinates recorded during the 2009-2010 winter water quality surveys of lower Green Bay were entered into a geographical information system (GIS). We then used the GIS to prepare DO concentration maps of lower Green Bay for each of the four winter surveys. Bottom DO concentrations reported by Epstein et al. (1974) for winter water quality surveys performed in lower Green Bay during February and March of 1966-1967 were also entered into the GIS to generate winter DO maps based on these historical data.
To summarize data from our winter water quality surveys, we calculated the mean and SE of DO concentration, water temperature, specific conductivity, and pH measured on bottom for lower Green Bay and the St. Marys River site in each year. In addition, the minimum bottom DO concentration observed during all winter sampling (2009-2010) was determined for lower Green Bay and the St. Marys River.
RESULTS

Cisco Egg Incubations
Cisco egg survival in lower Green Bay averaged 65.3% at the Oconto site, 72.0% at Pensaukee, 70.7% at Little Suamico, 75.3% at Sugar Creek, 52.7% at Chaudoirs, and 56.0% at Dyckesville; egg survival averaged 64.0% at the St. Marys River site (Figure 2 ). Egg survival did not significantly differ among the seven sites (one-way ANOVA: F = 1.02; df = 6, 14; P = 0.4523). Furthermore, egg survival did not significantly differ between each of the six Green Bay sites and the St. Marys River site (Dunnett's multiple comparison test: all P > 0.05). The grand mean survival for the lower Green Bay sites was 65.3% and did not significantly differ from the mean for the St. Marys River site (contrast: t = 0.15; df = 14; P = 0.8840). Calculation of the least detectable true change revealed that mean cisco egg survival would have had to differ by at least 19.2% between the target and reference sites for a significant difference to be detected. At the hatchery, cisco egg survival from the eye-up stage to hatch was 80% (M. Hughes, Wolf Lake State Fish Hatchery, personal communication).
Average age of the nine cisco larvae that were examined from the egg incubators was 37 d, and age ranged from 32 to 42 d. Given that we retrieved the incubators on 28-29 April 2009, the average hatch date of these larvae was estimated as 23 March 2009. Total length of the cisco larvae averaged 11.4 mm and ranged from 9.3 to 17.3 mm.
Winter Water Quality Surveys
When cisco egg incubators were first introduced into the St. Marys River (16 January 2009), the bottom DO concentration at the incubator site was 14.1 mg/L. When the incubators were first deployed in lower Green Bay (22-23 January 2009), the bottom DO concentrations at the six sites ranged from 12.9 to 14.5 mg/L.
For lower Green Bay, water quality results from the 20-21 February 2009 survey showed that bottom DO concentration ranged from 11.7 to 18.8 mg/L (Figure 3 Overall, the overwinter bottom DO concentrations were similar between the St. Marys River site and lower Green Bay. Mean bottom DO concentrations during winter 2009 were nearly identical between the two areas, averaging 13.9 mg/L for lower Green Bay and 13.8 mg/L for the St. Marys River site (Table 1) Overwinter bottom water temperature tended to be higher in lower Green Bay than at the St. Marys River site (Table 1) . Similarly, specific conductivity on bottom during the winter was greater in lower Green Bay than at the St. Marys River site. Bottom pH in lower Green Bay was slightly higher than bottom pH at the St. Marys River site during winter (Table 1) .
Based on data reported by Epstein et al. (1974) , mapping of the bottom DO concentrations in lower Green Bay for winter 1966 and 1967 revealed that at times, a zone of low DO concentration (<2 mg/L) extended from the southern end of the bay to locations more than 50 km from the southernmost reach of the bay (Figure 4) . During March 1966, low DO concentrations on bottom were recorded at sites on the eastern side of the bay (Figure 4 ). During 1967, low bottom DO concentrations were already evident in lower Green Bay by early February and persisted through March (Figure 4 ). In addition, although Epstein et al. (1974) did not report specific values, they did mention that low bottom DO concentrations were observed during March 1955 on both sides of the southern portion of lower Green Bay. Moreover, Epstein et al. (1974) stated that low bottom DO conditions during winter were also observed in lower Green Bay during 1938. Thus, it is likely that in lower Green Bay, low bottom DO conditions during winter had occurred over a period of at least three decades. Clearly, these historical data indicated that the zone of low bottom DO concentration in Green Bay could extend a substantial distance away from the Fox River mouth, which is located near the southernmost reach of the bay.
DISCUSSION
From a water quality perspective, present-day spawning habitat conditions in lower Green Bay would not represent an impediment to cisco rehabilitation in Lake Michigan. Cisco egg survival in lower Green Bay was not significantly different from that observed in the St. Marys River, where a stable population of ciscoes has existed for the past 40 years. Moreover, overwinter bottom DO concentrations in lower Green Bay were more than adequate to allow for relatively high survival of cisco eggs. The lowest bottom DO concentration we observed during winter water quality surveys of lower Green Bay was 11.2 mg/L. Results from laboratory experiments by Brooke and Colby (1980) indicated that low DO concentrations (≤2 mg/L) had an adverse effect on cisco egg survival and on the ability of cisco larvae to hatch without deformities and successfully escape from the egg. Overwinter bottom DO concentrations in lower Green Bay during 2009-2010 were well above this critical value of 2 mg/L; therefore, DO concentration would not have had any negative effect on cisco egg survival in lower Green Bay during the two winters we examined.
Clearly, overwinter water quality in lower Green Bay dramatically improved between the 1938-1967 and 2009-2010 time periods. Overwinter bottom DO concentrations of less than 2 mg/L were frequently observed in lower Green Bay during the 1950s and 1960s (Epstein et al. 1974) . Moreover, bottom DO concentrations of 0 mg/L were recorded at several locations in the lower bay during the same period. In contrast, the lowest bottom DO concentration observed in lower Green Bay during the winters of 2009 and 2010 was 11.2 mg/L. Epstein et al. (1974) primarily attributed the low overwinter bottom DO conditions in lower Green Bay during 1938-1967 to effluent from the pulp and paper industries located along the Fox River, the main tributary to Green Bay. The biochemical oxygen demand of this effluent was unusually high (Epstein et al. 1974; Harris et al. 1982) . During the early 1970s, new processing plants were built to treat the effluent (Harris et al. 1982) . Therefore, we believe that the operation of these treatment plants beginning in the early 1970s led to the huge improvement in overwinter water quality of lower Green Bay between 1967 and 2009.
Although low winter DO conditions in lower Green Bay apparently no longer occur, low-DO conditions during July and August are still observed: bottom DO concentrations less than 2 mg/L were measured on 6 August 2007 in the lower portion of the bay (B. DeStasio, Lawrence University, Appleton, Wisconsin, personal communication). Similarly, low bottom DO concentrations in lower Green Bay have been observed by other researchers during summer months over the past 5 years as well (J. Kennedy, Green Bay Metropolitan Sewerage District, personal communication; V. Klump, University of Wisconsin-Milwaukee, personal communication). Apparently, eutrophication still leads to low-DO conditions in lower Green Bay during summer, although the eutrophication problem was substantially more severe during the 1960s than it is today. It is possible that the persistence of low-DO conditions during summer has continued to prevent the recovery of burrowing mayflies in lower Green Bay. Juvenile ciscoes should be able to actively avoid zones of low DO; therefore, low-DO conditions Downloaded by [Noaa Glerl Library] Epstein et al. (1974). in Green Bay during summer months would not be expected to affect the survival of juvenile ciscoes.
Our average estimate (64.0%) of cisco egg survival at the St. Marys River site during winter 2009 was in close agreement with the overall average survival (66.3%) estimated by Savino et al. (1994) , who incubated cisco eggs at three different sites in the St. Marys River during winter 1992. In addition, Savino et al. (1994) used Plexiglas incubator chambers that were very similar in design to the ones used in the present study.
Our observations of overwinter bottom DO in lower Green Bay ranged as high as 22.3 mg/L, or about 8 mg/L higher than the 100% DO saturation value for the water temperature associated with this DO observation. Supersaturation of oxygen in the bay during the winter was plausible given that substantial photosynthetic activity can occur beneath the ice (Greenbank 1945) . Furthermore, ice cover prevented wind reaeration, the lack of which can promote oxygen supersaturation of the water (Madenjian et al. 1987) .
Factors other than water quality could also affect survival of cisco eggs and larvae. For example, predation has the potential to exert a strong influence on the survival of these life stages. Smith (1970) and Wells and McLain (1973) hypothesized that alewives interfered with cisco reproduction-primarily by predation on cisco larvae-in Lake Michigan during the late 1950s, thereby contributing to the collapse of the cisco population by 1960. However, Madenjian et al. (2008) argued that because ciscoes are long-lived fish, the establishment of the alewife population in Green Bay during 1955 or 1956 was not a feasible explanation for the collapse of the Lake Michigan cisco population by 1960. Evidence that rainbow smelt predation on cisco larvae has had a significant adverse effect on cisco recruitment in the Laurentian Great Lakes has been inconclusive (Bronte et al. 2003) . Nonetheless, predation on cisco eggs, larvae, and fingerlings could still represent an impediment to the rehabilitation of cisco populations in the Laurentian Great Lakes; potential predators include the round goby Neogobius melanostomus and walleye Sander vitreus (Fitzsimons and O'Gorman 2006) .
Fishery managers in the Great Lakes region are presently considering whether to stock ciscoes in Lakes Michigan, Huron, Erie, and Ontario to rehabilitate the cisco populations in these lakes (Fitzsimons and O'Gorman 2006; Stockwell et al. 2009; Zimmerman and Krueger 2009) . Moreover, rehabilitation of these cisco populations has been viewed as essential for self-sustainability of the lake trout populations and for additional stability of the offshore pelagic food webs. For example, Bowlby et al. (2007) proposed that rehabilitation of the cisco population in Lake Ontario was critical for self-sustainability of salmonines, including lake trout and Atlantic salmon Salmo salar. If habitat quality of the key spawning areas in these lakes is still inadequate for successful cisco reproduction, then attempts Downloaded by [Noaa Glerl Library] at 12:03 19 March 2012 to rehabilitate the cisco populations via stocking would not be effective. Our study results indicate that water quality in lower Green Bay is sufficient to allow for successful reproduction by ciscoes and that habit quality in lower Green Bay would not impede efforts to restore the cisco population to Lake Michigan. Is the present-day habitat in key spawning areas of Lakes Huron, Erie, and Ontario of suitable quality for successful reproduction by ciscoes? Additional research, including field experimentation, would be needed to answer this question. For example, to the best of our knowledge, no observations of DO concentration under the ice have ever been made in inner Saginaw Bay during winter (Freedman 1974; J. Bredin, MDNR, Lansing, personal communication) . Thus, the winter water quality of inner Saginaw Bay, particularly at the bottom, remains to be explored.
We recommend that our approach of using egg incubation accompanied by winter water quality surveys be applied to determine spawning habitat quality in aquatic ecosystems where populations of ciscoes or related species have collapsed due at least in part to environmental degradation of key spawning areas. Our approach need not be limited to cisco populations in the Laurentian Great Lakes. For example, several populations of whitefish Coregonus spp. in European alpine lakes have experienced reproductive failure due to eutrophication and its negative effect on egg survival (Wahl and Löffler 2009) . Eutrophication in these lakes has led to low DO concentrations in the spawning areas. For Lake Constance (Germany, Switzerland, and Austria), a regression relationship has been developed for the percentage of viable eggs of the blaufelchen C. lavaretus wartmanii (a native whitefish) as a function of DO concentration on the lake bottom within the spawning area (Wahl and Löffler 2009) . The blaufelchen eggs in Lake Constance have been sampled by dredges each winter since 1968. Our approach of overwinter egg incubation yields an in situ estimate of egg survival. Furthermore, incubation of eggs at both a target area and a reference area allows for a comparison of egg survival between the two areas. In addition, by use of winter water quality surveys, bottom DO concentrations can be compared between the target and reference areas. Finally, comparison of the overwinter DO concentrations at the target and reference sites with critical DO concentrations established from laboratory experiments would further enable researchers to make conclusions about the suitability of water quality at the target sites for successful natural reproduction by coregonids.
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